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PROBLEM STATEMENT 

As real-world systems increase in sophistication, 
conventional CAE is approaching complexity limits. 

Teams have struggled with isolated analyses, resulting 
in lost-in-translation errors and higher-level 

integration oversights. 

Most tools are slow, static, or inaccessible — 
impeding innovation. 



SOLUTION SUMMARY 

Integrate all CAE functionalities in a unified & 
dynamic numerical computing environment, 

leveraging progress in templated software and 
concurrent hardware. 

Let engineers build and own their virtual systems 
using HPC building blocks. 

Systems | Geometry | Physics | Graphics





110 Years of Computing Virtualization 
100,000,000,000,000,000x FLOPS/$

Software Systems…
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M Y  E A R LY  C A R E E R

• B.Sc. HMC General Engineering 

• Experimental Engineering rocket revamp 

• JPL / GALCIT APT 

• Dawn and MSL Propulsion 353x I&C technician  

• Small Particle Hypervelocity Impact Range I&C



BLUE ORIGIN 
GEEx Superstructure 
BE-3 Rapid Dev Support

VIRGIN GALACTIC 
NS-1 Facility Systems CogE 
Newton-1 Systems Support

Other R&D 
Programs

LAST DECADE



“ L R 1 0 0 0 ”  A M - C O M B U S T O R  T E S T B E D
LOX+LNG with advanced injector 
68 atm MEOP, 12:1 expansion test 

247 s ISP_vac @ 185:1 

Fuel Inlet

Ox Inlet

Ignitor Port

TVC Mount

1-Pass Regen

BLC Injectors

Convective Attenuator Radial Sheet Sheer Injector

Acoustic Attenuators

Copper Alloy Nozzle



L R 1 0 0 0  P D R  ~  C O M P R E S S I B L E  V I S I C I D  F L O W  
X C O M P U T E  I N  R E A L - T I M E  ( A U S M + M U S C L  F V M ,  L O C A L  D T )



“ARMSTRONG” SMALL-SAT RLV CONCEPT 

STAGE 1: 24x LR5000 LOX+LNG AEROSPIKE 
OX-RICH STAGED COMBUSTION CYCLE 

LOW-P/T TANKS with CENTRAL FEED/TPA 
STAGE 2: 5x LR5000 VACUUM ENGINES 

2022 horizon



A E R O S P I K E  N O Z Z L E  S TA R T- U P  G A S  T E M P  ( F D M ,  2 0 1 2 )

mixed PDE solved with convolutional 2nd-order MacCormack method on a laptop
I S S U E S  W I T H  S E T U P  A N D  R E S O L U T I O N  -  B U T  S T I L L  I N S I G H T F U L !
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“SERENITY” REUSABLE SSTO CONCEPT 

RADIAL LOX+LNG EJECTOR-SCRAMJET 
ANNULAR AEROSPIKE CORE from ARMSTRONG 
ACTIVE COOLING and S-D INLETS 
SiC-coated C-C AEROSTRUCTURE 
2030 horizon 



BIGGEST OPPORTUNITY - AT EARLIER STAGES!





DEFINE ANALYZE

BUILDTEST
1-12 wks

1-12 wks

1-
12

 w
ks

1-
12

 w
ks

DESIGN CYCLE 
1 MONTH - 1 YEAR



S E E M  FA M I L I A R ?   L R 1 0 0 0  -  S Y S T E M  O V E R V I E W

tabulate design input / output parameters to assemble low-fidelity models 
common tools: Excel, Matlab, Python, Julia, OpenMDAO, Fortran, C++



S U B S O N I C  G A S  J E T  -  T E M P E R AT U R E  A N D  D E N S I T Y  ( F D M ,  2 0 1 2 )  
I N J E C T I O N  S Y S T E M  I S O L AT E D ?

Predict the sol’n characteristics for a mixed fluid system? 



T R A N S V E R S E  T R A N S O N I C  G A S  J E T S  ( F D M ,  2 0 1 3 )

• åΩß

elliptic PDE solved with convolutional 2nd-order MacCormack method on a desktop



COMPLEXITY FROM COUPLING
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Proposed Approach 
octree for dynamic compressible LES+chem 
poly mesh for thermo-elastic structural FEA 

chimera prism boundary layer (FEA-FDM coupling) 
multiphase LBM? Or unify FDM? 



N U M E R I C A L  P H Y S I C S  
T R A N S P O R T  < = >  S TAT E

State models (solid, liquid, gas EOS) 
often describe the relations between 
primitive and conserved quantities. 

All are built with modular algorithms.

Transport schemes (FDM, FEM, FVM, LBM) 
often move conserved quantities through 
XYZT, aiming for numerical consistency.

PDF vs LES?



S Y S T E M  C O M P L E X I T Y  I S  I N C R E A S I N G

How are we going to keep up?



Hierarchy Modularity

Scale 
Organization 

Recursive Definition 

Reuse 
Amplification 

Functional Inheritance 

ADVANCED SYSTEMS 
HIGH DEGREE OF COHERENCE WITH MODERN C++

R

Regularity

Pattern 
Performance 

Heterogeneous Parallelism 

DESIGN PRINCIPLES



systems + algorithms = complex machines

Project requirements and functions 
are passed down the tree

Engineers should limit 
scope to a branch

Hierarchy!



WYSIWYG  
in varying formats 

• spatial render 
• schematic 
• tree  
• CLI 
• param editors

Integrated  
varying systems 

• 0D (surrogate) 
• 1D (routing, etc) 
• 2D (revolve, etc) 
• 3D (full CAD)

Enable higher-level 
interactions and feedback  



M U T U A L  L I N K I N G  ( F V M ,  N O V  2 0 1 6 )

unstructured mesh region <=> structured grid region



D I A B L O S  I N  T H E  D E TA I L S

Hardware & software advances have 
enabled key HPC++ benefits 

Appreciate C++14 and its STL, but take 
machinery approach to data parallelism/IO 

[5]

Structured Unstructured



C O M P U TA B L E  G E O M E T RY  I N H E R I TA N C E  

• C P U :  H I G H - L E V E L  C + +  P O LY M O R P H I S M  ( E A S Y,  B U T  S TAT I C ! )  
• G P U :  E M U L AT E  C + +  U S I N G  O P E N C L  J I T  C O M P I L E R  ( H A R D ,  B U T  D Y N A M I C ! )

Modularity!

[ 0 ] 



E X A M P L E  C + +  G E O M E T RY  S P E C I A L I Z AT I O N
//base class provides unified programming interface to common functions 
class Geometry{ 

Elements nodes;//perhaps we loaded a mesh that defined vertex positions 
public: 

//base function can return declared element memory (e.g. unstructured)  
virtual vec3 position(int n){return nodes.center[n]};} 

} 

//specialized derived class updates v-table with new function pointers 
class Grid : public Geometry{ 

ivec3 size; 
//private utility functions specific to this specialized class (and its derived types) 
vec3 position(ivec3 loc){return Extent::min + Extent::delta()*loc/vec3(size-1);};//equal spacing 
ivec3 location(int n){ 

int Ak = size.x*size.y;//find z-base 
int k = n/Ak;//fold z 
int r = n - k*Ak;//find remainder 
int j = r/size.x;//fold y 
return ivec3(r - j*size.x, j, k);}//fold x and return ijk coord 

public: 
Grid(ivec3 sz) : Geometry(), size(sz){;};//constructor assigns any additional input params 

//function override returns procedural data (e.g. structured) 
virtual vec3 position(int n){return position(location(n));};  

}



X C O M P U T E  H E T E R O G E N E O U S  D ATA

Regularity!

example Properties: 
AnyProperty 

Position 
    Displacement 

    SignedDistance 
    FeatureSize 
    Curvature 

    MeshQuality 
    CellArea 

    Tolerance 
    Energy 

    KineticEnergy 
TurbulentKineticEnergy 

    Enthalpy 
    InternalEnergy 
   GibbsEnergy 

    Pressure 
    Temperature 

    SpeedOfSound 
    Gamma 

    CFL 
    TimeStep 
 Density 

    MomentumX 
    MomentumY 

   …

example Modifiers: 
    AnyModifier 

     Residual 
     Max 
     Min 

     Mean 
     Median 
     Mode 
     StDev 
     RMS 

     Reference 
     Characteristic 

     Standard 
     Ratio 
     Flux 

     Divergence 
     Curl 
     Dt 
     Dx 
     Dy 
     Dz 
Delta 

Neutral 
Minus 
Plus 
… 

std

std

Property and Modifier are evaluated using 
global pointer comparison for speed and uniqueness

CPU thread traverses the data map in log time 
returns coalesced heterogeneous vector ref for a PK



P R O C E S S O R  S C A L I N G  I N  T I M E  —  A N D  S PA C E
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2018: 
~5GHz @ 9nm 

2004: 
~1GHz @ 90nm 

5x faster 
100x smaller



PA R A D I G M  S H I F T  T O  M A S S I V E  PA R A L L E L I S M  
M U LT I - C P U ,  G P U ,  T C U ,  F P G A ,  A S I C …



R E S U LT I N G  X C O M P U T E  G P U  S P E E D - U P  ( F V M  J A N  2 0 1 7 )
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K E R N E L  G E N E R AT I O N

Instruction

Instruction

Instruction

Instruction

Sequence



Constructor: 
• req’d data params 

• req’d arg types

CPU Function: 

• get data params 

• define C++ code 

GPU Code: 

• get data params 

• define OpenCL code 

X C O M P U T E  A L G O R I T H M  E X A M P L E  -  S P E E D  O F  S O U N D



X C O M P U T E  A L G O R I T H M  E X A M P L E  -  G R E E N  G A U S S  G R A D I E N T  
1 .  S P E C I F Y  R E Q U I R E M E N T S



X C O M P U T E  A L G O R I T H M  E X A M P L E  -  G R E E N  G A U S S  G R A D I E N T  
2 .  D E F I N E  C + +  C O D E



X C O M P U T E  A L G O R I T H M  E X A M P L E  -  G R E E N  G A U S S  G R A D I E N T  
3 .  D E F I N E  O P E N C L  C O D E



E A R LY  X C O M P U T E  C F D  VA L I D AT I O N  
S O D  S H O C K  T U B E  -  A U S M  A N D  R O E

Other CFD Tests Include: 
• Couette Flow 
• Laminar Flat Plate 
• Turbulent Flat Plate 
• Backwards Step 

Lab Tests (external contracted): 
• Laminar Pipe Flow 
• Turbulent Pipe Flow 



X C O M P U T E  M E S S A G E  F L O W



X C O M P U T E  P L AT F O R M  O V E R V I E W



• Graphics and Integration 
• Modern OpenGL Shader Pipeline 
• Universal Protocol Buffers 

CURRENT WORKFLOW 
XCOMPUTE 2018a

• Geometry Preparation  
• Structured (Procedural) 

• Cartesian Grid 
• Octree ** 

• Unstructured (Declarative) 
• Median-Dual Mesh 

• Import/Export MSH 
• Persson-Delaunay Mesh Generator * 

• Lagrangian Network **

• Systems Management 
• Complex Organization * 
• Data Interoperability

• Numerical Modeling 
• Solids (Equilibrium) 

• FEM Linear-Elastic, Thermo-Elastic 
• 2nd-order spatial, steady-state 

• Liquids (Incompressible Fluids) 
• LBM Pull (Zou He) ** 
• 2nd-order spatial, 1st-order temporal 

• Gases (Compressible Fluids) 
• FVM AUSM+MUSCL 
• 2nd-order spatial, 2nd-order temporal

* beta 
** in dev



L R 1 0 0 0  S E T U P  I N  X C O M P U T E



L R 1 0 0 0  C F D  ( 2 M  E L E M E N T S ,  R E A LT I M E  O N  A  T I TA N - Z  G P U )



L R 1 0 0 0  S C H E M AT I C  ( I N  W O R K )



CORE MODULE ROADMAP 
• Server-Client Networking 

• Local Team 
• INET SaaS 

• Systems Schematic 
• MDAO 
• Multi-Fidelity Coupling 

• Octree Geometry 
• Advanced Meshing 
• Advanced FVM 

• Convolutional FDM  
• Compressible LES 
• FDTD E&M 

• Advanced Modeling 
• Multi-Phase LBM 
• Nonlinear FEM 

• Dynamic Modeling 
• Chemical Reactions 
• Adjoint Optimization 

• XCM Presentation Format 
• XCS and CL Marketplace

THIRD-PARTY MODULE ROADMAP 
• Spatial/File Interoperability 
• XLS/X Spreadsheet Integration 
• STEP Integration 
• Complex Internal Topology 
• Additive Manufacture 
• Hydraulic Optimization 
• On-Demand SaaS 
• Free Web Client 
• your app? 

UPCOMING RELEASE - XCompute 2018b 
• Ubuntu, SciLinux, RHEL (gcc, clang) 
• Mac OSX (clang) 
• Win64 (mingw)

META-MACHINES 
TRANSCENDING SOFTWARE & HARDWARE
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